Abstract: Optimization of three parameters: agitation rate (A; 100, 200 and 300 rpm), aeration rate (B; 0.5, 1.5 and 2.5 vvm) and aeration timing (C; 2, 4 and 6 h), for ethanol production from sweet sorghum juice under very high gravity (VHG, 290 g L −1 of total sugar) conditions by Saccharomyces cerevisiae NP 01 was attempted using an L 9 ( 3 4 ) orthogonal array design. The fermentation was carried out at 30 °C in a 2-L bioreactor and the initial yeast cell concentration was approximately 2 × 10 7 cells mL −1
Introduction
Bioethanol used as a replacement for gasoline can reduce vehicle carbon dioxide emissions by 90% [1] . It is a clean and efficient energy and widely accepted as a potential substitute for fossil fuels [2, 3] . Bioethanol can be produced in biotechnological route from the fermentation of agricultural biomass by microorganisms. The most common renewable fuel today is ethanol derived from corn grain (in USA), sugarcane (in Brazil), tapioca starch and sugarcane molasses (in Thailand). It is expected that there will be a limitation of the supply of these raw materials in the near future which are directly associated with food security [3] .
Sweet sorghum [Sorghum bicolor (L.) Moench] is an attractive alternative feedstock for the future supplies of bioethanol because it has a high biomass and sugar yield with high fermentable sugars (sucrose, fructose and glucose) and insoluble carbohydrates (cellulose and hemicellulose). In addition, it has been noted for its potential as an energy crop because it can be cultivated at almost all temperatures and tropical climate areas [4] . In Thailand, the average yield of sweet sorghum cultivar KKU40, 90-100 days old, is about 15-25 dry ton ha −1 [5] , which is comparable to the average yield (20-30 dry ton ha −1 ) reported by Wu et al. [6] .
To increase the efficiency of an existing bioethanol plant, one potential improvement is to use high sugar concentrations for fermentation to produce high ethanol levels. Increasing the ethanol concentration in the broth can significantly improve the energy efficiency by reducing the energy consumption in distillation and the amount of waste stillage produced. Very high gravity (VHG) ethanol fermentations use media containing more than 270 g L −1 of total sugars [7, 8] . This technology is gradually being applied to the industry where the goals of 15-16% or more alcohol are being set in order to lower the costs [7, 9] . The VHG technology has led to the production of 23.8% (v/v) ethanol in the laboratory scale from wheat mash containing 38% (w/v) dissolved solids [10] . However, these fermentations are rarely fast and complete due to the physiological changes within the microbial cells. Moreover, the high sugar content in the fermentation medium causes an increase in the osmotic stress, which subsequently damages the yeast cells [11] . It was reported that under the appropriate environmental and nutritional conditions, Saccharomyces cerevisiae can produce and tolerate high ethanol concentrations [12] [13] [14] [15] . VHG fermentation process exploits the observation that the growth of S. cerevisiae is promoted and prolonged when low levels of oxygen are present and the assimilable nitrogen levels are not limited [16] . The role of a small amount of oxygen supply in improving the ethanol tolerance of yeast cells under a VHG fermentation condition has been discussed [17, 18] . Yeast normally requires added oxygen to synthesize lipids (sterols and unsaturated fatty acids), which are essential for plasma membrane integrity [19] [20] [21] [22] . Regarding the essential nutrients, yeast extract is a main nitrogen source for yeast growth. It is found to have protective effects either on growth and fermentation or cell viability, which stimulate the fermentation rate and ethanol production [12, 23] . Laopaiboon et al. [23] and Nuanpeng et al. [24] showed that 9 g L −1 of yeast extract promoted batch ethanol production from sweet sorghum juice containing 280 g L −1 of total sugar and sugar utilization was almost complete under the agitation rate of 100 rpm without aeration. However, a very high initial yeast cell concentration (1 × 10 8 cells mL −1 ) was required. Providing the adequate amount of aeration during the initial stage of fermentation may reduce the initial yeast cell concentration used and improve the ethanol tolerance of the yeast cells. Alfenore et al. [17] reported that aeration at 0.2 vvm led to a 23% increase in the viable cell mass for fed-batch ethanol fermentation, meanwhile the ethanol production and yield were also enhanced. Aeration during the initial stage of yeast growth along with a constant agitation increased the final ethanol concentration from 128.1 g L −1 (without aeration)
to 143.8 g L −1 [25] . Therefore, the ethanol fermentation under VHG conditions will be more efficient and more productive when the proper aeration strategy is implemented to enlarge a healthy propagating yeast population, resulting in higher ethanol production.
Statistical methodologies are applied in biotechnological processes to observe the main effects and interactions of the factors that play fundamental roles in the fermentations. Orthogonal array design (OAD), also known as the Taguchi method, incorporates the advantages of the simplex method and factorial design [26] . OAD notably reduces the number of tests and obtains the optimum value. It also arranges different factors for effective optimization of the experimental conditions [27, 28] .
The aim of this study was to optimize the three main parameters, namely agitation rate (100, 200 and 300 rpm), aeration rate (0.5, 1.5 and 2.5 vvm) and aeration timing (2, 4 and 6 h) for ethanol production from sweet sorghum juice under VHG fermentation by S. cerevisiae NP 01 using the L 9 (3 4 ) orthogonal array design. Verification experiment of the corresponding parameters under the optimum condition was also carried out.
Experimental Section

Microorganism and Inoculum Preparation
S. cerevisiae NP 01 isolated from Loog-pang (Chinese yeast cake) from Nakhon Phanom province, Thailand was inoculated into a 250-mL Erlenmeyer flask containing 100 mL of yeast extract malt extract (YM) medium. The medium contained (in g L under the same conditions. After 12 h, the active cells were harvested and used as an inoculum for ethanol production.
Raw Material
Sweet sorghum juice extracted from its stalks (cv. KKU 40 modified from cv. Keller) was obtained from the Department of Plant Science and Agricultural Resources, Faculty of Agriculture, Khon Kaen University, Thailand. To avoid storage problem and to prevent bacterial contamination, the juice which originally contained 18°Bx of total soluble solids, was concentrated to 75°Bx and stored at 4 °C prior to use.
Ethanol Production Medium
The concentrated juice was diluted with distilled water to the desired total sugar concentration (290 g L −1 ). Then the juice was supplemented with 9 g L −1 of yeast extract as a nitrogen supplement [23] , which was used as an ethanol production (EP) medium. The EP medium was transferred into a 2-L fermenter (Biostat ® B, B. Braun Biotech, Germany) with a final working volume of 1 L and autoclaved at 110 °C for 40 min or it was transferred into a 5-L fermenter (Biostat ® B, B. Braun Biotech, Germany) with a final working volume of 3 L and autoclaved at 110 °C for 60 min.
Preliminary Experiments
The EP medium (1 L) with and without 9 g L −1 of yeast extract was transferred into the 2-L fermenter and autoclaved. The inoculum (10% inoculum size) was added into the sterile EP medium to give the initial yeast cell concentration of approximately 2 × 10 7 cells mL −1 . The fermentation was operated in batch system at 30 °C under the four conditions of agitation rate, aeration rate and aeration timing (a period that the medium was aerated) as shown in Table 1 . Samples were withdrawn at time intervals for analysis. 
Orthogonal Experimental Design
The L 9 (3 4 ) orthogonal table was designed to investigate the influence of the three main parameters: agitation rate (A), aeration rate (B) and aeration timing (C). Each factor was set at three levels (A; 100, 200 and 300 rpm: B; 0.5, 1.5 and 2.5 vvm: C; 2, 4 and 6 h). There were 9 runs in total and all of them were performed in duplicate. The L 9 (3 4 ) orthogonal design is shown in Table 2 . The blank factor was a dummy and was used for error estimation. In Taguchi method, orthogonal arrays and analysis of variance (ANOVA) were used as the tools of analysis. The effect of a factor on the characteristic properties was estimated by ANOVA [29, 30] .
Fermentation Conditions
The ethanol fermentation under various conditions in Table 2 was carried out in the 2-L fermenter and the initial yeast cell concentration in the sterile EP medium was approximately 2 × 10 7 cells mL −1 .
The fermentation was operated in batch mode and the temperature was controlled at 30 °C. Samples were withdrawn at time intervals for analysis. To verify the reliability of the results from the orthogonal experiments, additional experiments under the optimum condition of the corresponding parameters were carried out in 2-L and 5-L bioreactors. 
Analytical Methods
The viable yeast cell numbers and total soluble solids of the fermentation broth were determined by direct counting method using haemacytometer with methylene blue staining [31] and hand-held refractometer, respectively. The fermentation broth was centrifuged at 13,000 rpm for 10 min. The supernatant was then determined for residual total sugars in terms of total carbohydrate by phenol sulfuric acid method [32] . Ethanol concentration (P, g L −1 ) was analyzed by gas chromatography (Shimadzu GC-14B, Japan, Solid phase: polyethylene glycol (PEG-20M), carrier gas: nitrogen, 150 °C isothermal packed column, injection temperature 180 °C, flame ionization detector temperature 250 °C; C-R7 Ae plus Chromatopac Data Processor) and 2-propanol was used as an internal standard [23] . The ethanol yield (Y p/s ) was calculated as the actual ethanol produced and expressed as g ethanol per g total sugar utilized (g g
) was calculated by ethanol concentration produced (P, g L ) divided by fermentation time giving the highest ethanol concentration.
Results and Discussion
Preliminary Results
The importance of the agitation rate and aeration rate in batch ethanol fermentation from the EP medium or sweet sorghum juice under VHG (290 g L −1 of the total sugar) conditions by S. cerevisiae NP 01 was studied prior to optimization. Figure 1 shows the ethanol fermentation under the four conditions of the preliminary experiments (Table 1) . Under the same agitation and aeration rates, the viable yeast cell numbers in the EP medium with and without yeast extract were similar ( Figure 1A ), indicating that yeast extract supplementation did not promote yeast growth. However, it markedly improved sugar consumption and ethanol production ( Figure 1B,C) . The results clearly indicated that yeast extract (nitrogen supplement) significantly promoted ethanol production from sweet sorghum juice under the VHG conditions. The profiles of the ethanol fermentation from the sweet sorghum juice supplemented with 9 g L −1 of yeast extract under the four conditions were then compared ( Figure 2 ). The maximum cell concentrations of all conditions were similar (Figure 2A ), but the times reaching to the maximum cell concentrations were different. Aeration made this period shorter. The periods under conditions 2 and 4 were 12 and 6 h, respectively, while the periods of no aeration (conditions 1 and 3) were markedly longer at about 24 h. Under the VHG conditions, the total sugars were not completely consumed by S. cerevisiae NP 01 ( Figure 2B ). This might be due to the osmotic stress occurred under these conditions [11] . It was found that an increase in the agitation rate only from 100 to 200 rpm (conditions 1 and 3) did not have a positive effect on sugar consumption and ethanol production efficiencies in terms of P, Q p and Y p/s ( Table 3 ). The agitation rate combined with the appropriate aeration rate and aeration timing promoted S. cerevisiae NP 01 to utilize sugar readily, leading to high ethanol production. The results obtained were supported by Lin et al. [33] who found that the presence of an appropriate amount of dissolved oxygen made the yeast physiologically healthy and became productive. Therefore, the optimization of the agitation rate and the aeration rate was studied in the subsequent experiments. Table 1 ; b,c,d Means followed by the same letter within the same column are not significantly different using Duncan's multiple range test at the level of 0.05.
The Orthogonal Experiment Results of Ethanol Fermentation
Batch ethanol fermentations of Run 1 to Run 9 (Table 2) were carried out. The results of batch ethanol fermentation of Run 1 (agitation rate, 100 rpm; aeration rate, 0.5 vvm and aeration timing, 2 h) are shown in Figure 3 . At the beginning of the fermentation, the initial total sugar, pH and the initial cell concentrations were 292.70 g L −1 , 4.58 and 1.95 × 10 7 cells mL −1 , respectively. Aeration at 0.5 vvm for the first 2 h caused oxygen to be soluble in the aqueous broth and the prior aerobic growth of yeast cells was extremely important to increase yeast cells and to dictate the fermentation.
Hammond [34] reported that the oxygen present earlier in the fermentation was rapidly used up for the synthesis of membrane components which were essential for growth. The yeast cell numbers increased significantly in the first 12 h of the experiments with the value of approximately 2.0 × 10 8 cells mL respectively. The profiles of the parameters measured during the batch ethanol fermentation of the eight remaining runs were similar to those of Run 1 (data not shown). Table 4 shows the orthogonal experiment results of P, Q p and Y p/s . High P and Q p values have been continuously pursued in the industry because significant energy savings can be achieved for the downstream distillation and waste distillate treatment. Therefore, the P and Q p values are considered in this study to judge the ethanol production in the fermentation. 
Impact of Multi-Factors on Ethanol Concentration
The ethanol concentrations or P values varied among the combined factor treatments (Table 4) with the values ranging from 117.30 ± 1.85 to 131.02 ± 0.93 g L −1 . The range analysis was applied to clarify the important sequence of agitation rate (factor A), aeration rate (factor B) and aeration timing (factor C) in the orthogonal experiments ( Table 5 ). The results showed that the range (R) of factor A was 8.26, which ranked the first. Factor C was 5.40, which ranked the second and factor B was 2.64, which ranked the last. The bigger R value of a factor represents the greater effect on the final P value. According to the range, the order of influence was agitation rate > aeration timing > aeration rate. The optimum condition for improving P value was determined as A 2 B 3 C 2 corresponding to agitation rate, 200 rpm; aeration rate, 2.5 vvm and aeration timing, 4 h. ANOVA method was used to confirm the order of the three parameters on the final P value. The model F-value of 20.81 implied that the model was significant. There was only 4.66% chance that "a model F-value" this large could occur due to noise. Values of prob F < 0.05 indicated that the model terms were significant. According to the F value, the order of influences (F agitation rate = 40.77, F aeration timing = 16.95 and F aeration rate = 4.70) was similar with that of the R value. The effect of the dummy variable (F blank = 0.55) was calculated in the same way as the effects of the experimental variables. If there is no interaction and no error in measuring the response, the effect shown by a dummy variable should be 0. If not, it is assumed to be a measure of the lack of the experimental precision plus any analytical error in measuring the response [35] . The correlation between the predicted and the actual results of the ethanol concentration had R 2 of 98.42%. These results confirmed an acceptable fit of the model to the data [36] . The experiments were performed in duplicate and the results were expressed as mean ± SD. a See Table 2 ; b,c,d,e,f,g Means followed by the same letter within the same column are not significantly different using Duncan's multiple range test at the level of 0.05.
The P values at different levels and factors are described in Figure 4a . They ranged from 119.97 (k 1 ) to 128.23 (k 2 ) g L −1 while the agitation rate was increased from 100 to 300 rpm. The highest P value of 128.23 g L −1 (k 2 ) was obtained at the agitation rate of 200 rpm. Both the permeation intensity of nutrition materials from the fermentation broth to the inside of yeast cells and that of ethanol from the inside of yeast cells to the fermentation broth could be improved by increasing the agitation rate (from 100 to 200 rpm). These processes would enhance the sugar utilization and weaken the inhibition of the ethanol to the yeast cells [37] . However, the higher agitation rate than the stated value would not work for the improvement of ethanol concentration because of the limitation of the yeast metabolism. Therefore, the ethanol concentration did not enhance when the agitation rate exceeded 200 rpm. These findings were in agreement with those of Liu and Shen [37] . For the aeration rate tested, S. cerevisiae NP 01 showed the highest P value (125.86 g L −1 , k 3 ) at the aeration rate of 2.5 vvm. Aeration is indispensible for yeast to synthesize sterols and unsaturated fatty acids, which are essential to assure cell membrane integrity [38] [39] [40] . Additionally, aeration helps vent CO 2 that inhibits the yeast growth [41] . However, an excess of aeration directs yeast towards the aerobic respiratory pathways for biomass formation, thus lowering the fermentation efficiency [42] . As a result, air may improve the synthesis of ergosterol and consequently the structural stability of cells and ethanol tolerance [39, 43] .
The maximum P value of 127.17 g L −1 (k 2 ) was obtained at the aeration timing of 4 h. It was reported that aeration during the initial stage of yeast growth along with the constant agitation possibly increased the final P value up to 143.8 g L −1 from a synthetic medium containing 305 g L −1 of glucose [25] .
However, the influence of combining aeration timing and aeration interval under a constant agitation rate to enhance fermentation capacity was rarely reported, particularly under VHG conditions. 
Impact of Multi-Factors on Ethanol Productivity
The ethanol productivity or Q p varied among the combined factor treatments of the orthogonal experiments in the range of 1.96 ± 0.01 to 2.59 ± 0.01 g L −1 h −1 (Table 4) . Table 6 shows the range analysis of L 9 (3 4 ) orthogonal experiments of the Q p values. The range (R) of factor B, A and C were 0.25, 0.23 and 0.10, respectively. The bigger R value of a factor represents the greater effect on the final Q p . According to the range, the order of influence was aeration rate > agitation rate > aeration timing. The order of influence for the Q p value was different from that for the P value. However, the optimum condition for improving Q p value (A 2 B 3 C 2 ) was the same as that for P value. Thus the optimum fermentation condition was determined as follows: agitation rate, 200 rpm; aeration rate, 2.5 vvm and aeration timing, 4 h. According to the F value, the order of influence for Q p value (F aeration rate = 1.649, F agitation rate = 1.519 and F aeration timing = 0.210) was similar to those of the R value. The correlation between the predicted and actual results of the ethanol productivity having R 2 higher than 75%
confirmed that the fitted model to the results was acceptable [36] . Figure 4b shows the Q p value under different conditions. The highest Q p of 2.38 g L −1 h −1 (k 2 ) was found at the agitation rate of 200 rpm and kept almost invariable when the agitation rate was increased from 200 rpm to 300 rpm. These indicated that the fermentation rate was enhanced with the increased agitation rate from 100 rpm to 200 rpm and kept almost constant from 200 rpm to 300 rpm. The highest Q p value of 2.43 g L −1 h −1 (k 3 ) was obtained at the aeration rate of 2.5 vvm. There was a trend of higher Q p value with an increase in the aeration rate. The maximum Q p was 2.36 g L −1 h −1 (k 2 ) at the aeration timing of 4 h. This might be explained that the Q p was boosted with the increased aeration timing from 2 h to 4 h but too long of the aeration timing in the aeration system might lead yeast cells to the "growth stage" and thus decreased the Q p value.
Verification Experiments
According to the analytical results of P and Q p values, the optimum condition for improving P and Q p values from the sweet sorghum juice under the VHG conditions by S. cerevisiae NP 01 was determined as A 2 B 3 C 2 , corresponding to agitation rate, 200 rpm; aeration rate, 2.5 vvm and aeration timing, 4 h, respectively. To confirm the model adequacy for predicting the maximum P and Q p values, the model was validated by carrying out the experiments in both 2-L and 5-L fermenters under the optimum condition even though this condition appeared in the orthogonal test (Run 7). Under the 2-L bioreactor at the corresponding parameters ( Figure 5) , at 48 h after stopping aeration, all parameters measured were almost constant. The viable cell numbers and the total sugar remaining in the broth were 2.85 × 10 8 cells mL −1 and 32.51 ± 0.27 g L −1
, respectively. The P, Q p and Y p/s values were 132.82 ± 1.06 g L −1 , 2.55 ± 0.00 g L −1 h −1 and 0.50 ± 0.00, respectively at the total fermentation time of 52 h (including 4 h of aeration) ( Table 7) . To complete the sugar consumption, the initial sugar concentration of the juice can be reduced from 290 to about 270 g L −1 . For the 5-L fermenter, the P, Q p and Y p/s values measured were not significantly different from those of the 2-L fermenter (Table 7) indicating that the fermentation control system of both fermenters were the same. The control treatment operating under the same condition without aeration (agitation rate of 200 rpm) was also carried out in both treatments ( Table 7) . The results showed that under both 2-L and 5-L fermenters, the ethanol production efficiencies in terms of P and Q p values under the optimum condition were approximately 9 to 16% higher than those of the control condition. The fermentation time under the optimum condition was shorter than that of the control treatment, which might be due to higher (Figure 5 ), which might be attributed to the ethanol accumulation in the broth. Microscopic observations illustrated that the yeast morphology changed from large (6.79 µm) and lustrous at the beginning to small (4.44 µm) and dull at the end of the fermentation. The change of cell composition is still under investigation. In addition, the results obtained imply that a proper aeration rate is essential as it not only augments the yeast population, but also reduces the fermentation time. Table 7 . Main fermentation parameters of batch ethanol production from the sweet sorghum juice under the optimum and control conditions. 
Condition
Size of Fermenter
Conclusions
The production of ethanol as an alternative fuel from sweet sorghum juice by S. cerevisiae NP 01 is promising. In order to attain higher ethanol concentrations and productivity, the main parameters of ethanol fermentation, i.e., agitation rate, aeration rate and aeration timing should be optimized. The prior aerobic growth of yeast cells was extremely important to increase the cell numbers and to dictate the fermentation. Under the optimum condition (agitation rate, 200 rpm; aeration rate, 2.5 vvm and aeration timing, 4 h), the ethanol concentration and productivity were significantly improved. These findings will be beneficial for ethanol production at high levels under VHG fermentation.
